The quest for economic, large scale hydrogen production has motivated the search for new materials and device designs capable of splitting water using only energy from the sun. Here we introduce an all solution-processed tandem water splitting assembly composed of a BiVO4 photoanode and a single-junction CH3NH3PbI3 hybrid perovskite solar cell. This unique configuration allows efficient solar photon management, with the metal oxide photoanode selectively harvesting high energy visible photons and the underlying perovskite solar cell capturing lower energy visible-near IR wavelengths in a single-pass excitation. Operating without external bias under standard AM 1.5G illumination, the photoanode-photovoltaic architecture, in conjunction with an earth-abundant cobalt phosphate catalyst, exhibits a solar-to-hydrogen conversion efficiency of 2.5% at neutral pH. The design of low-cost tandem water splitting assemblies employing single-junction hybrid perovskite materials establishes a potentially promising new frontier for solar water splitting research.
Introduction
Practical implementation of large scale solar-based renewable energy resources requires efficient conversion and storage of photons across the visible spectrum. Taking inspiration from the natural photosynthetic process, conversion of light into chemical energy provides a convenient route to store the abundant yet intermittent solar photon flux for on-demand and remote use. In this regard, one of the most promising approaches involves the generation of hydrogen gas from visible-light driven water splitting. [1] [2] [3] It has been suggested that hydrogen will be a ubiquitous fuel of the future due to its high specific energy (J/kg) and environmentally benign by-products in fuel cell applications. 4 Meeting the thermodynamic requirements for solar water splitting (1.23 V at standard temperature and pressure) and the associated overpotential necessary to drive water oxidation and reduction has led to a variety of creative combinations of light-harvesting and electrocatalytic assemblies. [5] [6] [7] [8] [9] [10] [11] The ideal photolytic (or photocatalytic) water splitting system, with direct interfacial contact between light-absorber and aqueous solution, would be composed of a single, visibly-active semiconductor with suitable band alignment to drive hydrogen and oxygen production. Certain wide band gap metal oxides such as SrTiO3 can perform unassisted water photolysis, but are only active under near-UV irradiation, 12, 13 severely limiting their viability in single-material systems. The requirement for increased visible absorption has driven the development of numerous n-type semiconductor metal oxides including bismuth vanadate (BiVO4), 14 tungsten oxide (WO3), 15 and hematite (α-Fe2O3) 16 due to their relatively low band gaps and effective operation as photoanodes for water oxidation. With a band gap of ~2.4 eV (~520 nm) and high conduction band energy relative to other visibly active metal oxides, BiVO4 is an especially promising photoanode material. 10, [17] [18] [19] [20] However, photogenerated electrons in BiVO4 are not sufficiently energetic to induce unassisted proton reduction. Researchers have therefore turned to multiple absorber schemes known as 'D4' systems (D -dual absorber, 4 -minimum number of absorbed photons to generate one H2 molecule) to circumvent the practical issues associated with single absorber models. One such D4 architecture consists of a BiVO4 photoanode coupled to a second light-absorber (photocathode or photovoltaic device) that can effectively boost electron energy and drive the water reduction half reaction. 10, 20, 21 In addition to favorable band edge alignment, the two correlated light-harvesting elements must exhibit complimentary spectral sensitivity to maximize solar-to-hydrogen (STH) conversion efficiency in single-pass tandem 2 device operation. 22 This design is analogous to the photosynthetic Z-scheme and can enable biasfree solar water splitting using a wide array of material combinations. 23, 24 Until now, efficient tandem photoanode-photovoltaic (PV) water splitting designs using BiVO4 have included a single or multijunction silicon solar cell to provide additional energy for unassisted water splitting. 10, 20 These stand-alone devices have recently demonstrated maximum STH efficiency of 5.2% using a dual junction amorphous silicon/nanocrystalline silicon (a-Si/nc-Si) solar cell. 20 This is the highest reported efficiency for a metal oxide photoanode, evincing the promise of BiVO4 for water oxidation. Considering the facile solution processing of BiVO4 photoanodes by spin or spray deposition, energy intensive construction of the coupled multijunction solar cell remains the primary fabrication bottleneck in these tandem systems.
Our present objective is to strike a balance between BiVO4-PV device complexity and photolytic performance, bearing in mind that the practical viability of such systems can be enhanced by reducing material and fabrication costs. Supplanting silicon-based PVs in tandem water splitting architectures requires a unique material that is amenable to simple, low-cost processing yet yields high photovoltaic output across the visible spectrum. Promising solid-state compounds known as 'hybrid' organic-inorganic lead halide perovskites have recently emerged as exceptional materials for next-generation photovoltaic technologies. 25, 26 These compounds can be processed from solution near ambient conditions while simultaneously exhibiting excellent semiconducting properties, [27] [28] [29] providing a low-cost, highly efficient substitute to silicon-based devices. Perovskite solar cell efficiencies have already surpassed much more mature DSSCs and organic photovoltaics in a few short years of development. 30, 31 The low band gap and large absorption coefficient of lead iodide hybrid perovskites facilitate effective thin film light harvesting into the near-IR region of the solar spectrum. 32 Rapid improvement in perovskite solar cell power conversion efficiency and, most notably for photolytic applications, extremely high photovoltage in comparison to nearly all other single-junction PV technologies, 25 warrant exploration into the feasibility of this material in tandem water splitting architectures. As recently demonstrated, two series-connected perovskite solar cells externally wired to submerged electrocatalysts can provide sufficient voltage to drive water splitting in an electrolytic configuration. 33 In the same regard, a synergistic paring of the most efficient emerging PV technology 34 with the champion metal oxide photoanode material 20 is a promising route in the quest for inexpensive solar fuels production. Toward this goal, we report a tandem, bias-free, fully 3 Page 3 of 20 Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 solution-processed water splitting system based on a BiVO4 photoanode and a single-junction methylammonium lead triiodide (CH3NH3PbI3) perovskite solar cell. The hybrid photoanode-PV design has an added benefit of spatially isolating the moisture-sensitive perovskite cell from the aqueous environment. We demonstrate that the CH3NH3PbI3 PV provides complimentary absorption and the requisite energy to drive hydrogen and oxygen production when coupled to BiVO4 in a photolytic D4 architecture.
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Results & Discussion
BiVO4 photoanode optical and photoelectrochemical behavior. The use of BiVO4 in photolytic water splitting systems is fundamentally different than electrolytic designs employing isolated light-harvesting and electrocatalytic components. For solar (PV)-driven electrolysis, energy supplied to the electrodes is derived from multijunction or series-connected photovoltaic devices. 2 In the case of a-Si solar cells, three or more devices must be connected in series to generate the necessary potential for water splitting. 6 Conversely, photolytic schemes require one or more lightharvesting semiconductor components to be direct contact with water. With respect to PV-induced electrolysis, the benefits of solar photolysis are fourfold: (i) reduction in balance-of-systems costs due to the potential for monolithically integrated components, 2 (ii) equilibration of energy levels near the semiconductor-electrolyte interface establishes a built-in potential for driving charge flow, 2 (iii) injection of minority rather than majority carriers into solution raises the maximum obtainable electron-hole energy, 35 and (iv) restriction of current density to the area of the semiconductor thin film mitigates additional overpotential associated with larger current densities in commercial electrolyzers. 36 These key distinctions between electrolytic and photolytic systems stimulated our investigation into the capabilities of a BiVO4-hybrid perovskite photolytic architecture.
In designing tandem photoanode-PV devices, the optical density of the top layer must be carefully tuned to allow sufficient transmission of light to the subsequent absorber material. It is therefore essential to characterize and tailor photoanode extinction. BiVO4 thin films were of monoclinic BiVO4 ( Figure S1 ). 37, 38 Figure 1A shows the optical extinction properties of the spin cast BiVO4 layer. The absorption percentage of the yellow-colored photoanode (after correcting for scattering effects) reaches ~80% at 400 nm, corresponding to a film thickness of ~240 nm assuming an absorption coefficient of 3 ×10 4 cm -1 at 400 nm. 39 While the absorption characteristics determine the maximum possible photocurrent that can be generated by the BiVO4 photoanode, the transmitted light denotes the photon energies that reach the underlying PV. With a transmittance of nearly 70% at wavelengths greater than 500 nm, the BiVO4 film displays little to no scattering considering the FTO electrode alone accounts for ~20% loss in transmittance across the visible spectrum ( Figure S2 ).
A salient feature of BiVO4 photoanodes is the ability to generate high photocurrent densities with relatively flat, unstructured films, which dramatically reduces optical scattering and simplifies the fabrication process. 10 The scanning electron micrograph of the BiVO4 surface in Figure S3 reveals the compact and homogeneous nature of the spin cast photoanode. Although nanostructuring can improve the performance of metal oxide electrodes due to shortened carrier diffusion requirements, 19 their efficacy in tandem architectures can be hindered by high levels of scattering at energies below the band gap. 40 In addition, nanostructured thin films tend to require more complicated fabrication methods and are more difficult to optically tune. In contrast, the optical attenuation of the spin cast planar films can be precisely controlled by simply tailoring the number of coating cycles. These features render the high-transmittance BiVO4 films presented here well suited to accommodate a secondary absorber material in a low-cost, solution-processed tandem device.
Based on the absorbance and transmittance of the BiVO4 photoanode, it is possible to determine the upper bound performance of both semiconductor components in the tandem lightharvesting assembly. This analysis is depicted in Figure 1B 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mA/cm 2 . This excellent photocurrent output highlights the limited scattering losses at the BiVO4 photoanode and the complimentary absorption between BiVO4 and CH3NH3PbI3. It is clear from Figure 1B that the tandem device should display strong broadband light absorption from the UV into the near-IR region of the solar spectrum.
Following optical characterization of the BiVO4 thin film, the photoelectrochemical performance of the photoanode was investigated using a three electrode configuration consisting of a Pt counter and Ag/AgCl reference electrode (three electrode experimental parameters detailed in the Supporting Information). The anodic current density-voltage (J-V) curves in Figure 1C illustrate the n-type semiconductor nature of bare BiVO4 in the presence and absence of 0.5 M sodium sulfite (Na2SO3). Here, Na2SO3 acts a sacrificial hole scavenger whose oxidation is more energetically and kinetically facile relative to water oxidation. 19 The low photocurrent density (0.38 mA/cm 2 at 1.23 V vs reversible hydrogen electrode (RHE)) and high-bias current onset (~0.5 V vs RHE) without Na2SO3 are indicative of the sluggish water oxidation kinetics and large overpotential on bare BiVO4. Addition of Na2SO3 results in nearly an order of magnitude enhancement in photocurrent density at 1.23 V vs RHE and cathodically shifted onset potential, clearly reflecting more favorable interfacial hole transfer processes to the sacrificial donor. This increased performance represents an upper bound for photoanode current output in absence of the complex rate-determining water oxidation reaction.
Photoelectrochemical testing in the presence of Na2SO3 enables isolation of the intrinsic charge separation processes in the BiVO4 electrode. The measured photocurrent that passes through the external circuit is a function of several parameters and can be characterized by the
where PEC J is the current density obtained from the J-V measurement with Na2SO3, abs J is the current density derived from the optical absorbance assuming 100% internal quantum efficiency (3.7 mA/cm 2 ), sep η is the fraction of photogenerated holes that reach the semiconductor-electrolyte interface, and cat η is the fraction of those holes that are injected into solution for sulfite oxidation.
Because of the rapid oxidation kinetics of Na2SO3, we assume 1 ≈ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 potential in Figure 1D . The separation efficiency of the intrinsic BiVO4 film approaches 90% at and CuO2 (~25 nm) as a result of long carrier lifetimes, 17 facilitating the use of planar BiVO4 films in photolytic applications. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to one sun conditions (51 mW/cm 2 ). The J-V curve in Figure 2 BiVO4-CH3NH3PbI3 tandem device. In assembling the photoanode-PV device, the two semiconductor components were arranged in a layered fashion and connected in series. A scheme depicting the BiVO4-CH3NH3PbI3 architecture is illustrated in Figure 3 (a photograph of the operating device is shown in Figure S5 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The two different systems (sacrificial and water photolysis) depict the oxidative reactions at the BiVO4 photoanode in the presence and absence of the sacrificial donor Na2SO3. In both cases, the perovskite solar cell harnesses transmitted photons above 500 nm, and the resulting photogenerated electrons drive H2 production. A cobalt-phosphate catalyst was utilized to alleviate the sluggish BiVO4 water oxidation kinetics in the full water splitting system.
To determine the spectral response of the tandem architecture, we measured the external quantum efficiency (EQE) of each light absorbing component ( Figure 4A) , providing a measure of the fraction of incident photons at a given wavelength converted to extractable charges. The EQE of the CH3NH3PbI3 PV was measured through a BiVO4 filter to simulate tandem operation.
The panchromatic response of the photoanode-PV system is immediately apparent, with a minimum EQE of ~40% between 350 and 760 nm. The shape of CH3NH3PbI3 PV EQE spectrum 10 Page 10 of 20 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 correlates well with transmission through the BiVO4 photoanode (see Figure 1A) , confirming that higher energy visible photons are harvested by BiVO4 and lower energy visible and near-IR wavelengths are efficiently captured by the CH3NH3PbI3 solar cell. The combination of solutionprocessed BiVO4 and CH3NH3PbI3 provides excellent photoresponse to greater than 50% of the solar radiation that reaches earth's surface.
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Because of the series connection between the two components, the operating photocurrent density of a tandem photoanode-PV device can be predicted from the intersection of the individual J-V curves. This reflects the fact that photogenerated electrons in BiVO4 recombine with holes in CH3NH3PbI3, requiring that the current flowing through each module be equivalent. The approximate band energies of the various components in the tandem assembly, as well as the expected interfacial charge transfer processes that describe current flow between the photoanode and PV components, are shown in Figure S6 . From the crossing point of the superimposed J-V curves in Figure 4B , we expect a photocurrent density of ~1.9 mA/cm 2 with approximately 80% charge separation efficiency in the BiVO4 electrode ( Figure 1D ) when employing the Na2SO3 sacrificial donor, provided electrons in CH3NH3PbI3 are energetic enough to reduce water at the submerged Pt electrode.
The photocurrent output of the BiVO4-CH3NH3PbI3 tandem device over one hour of constant AM 1.5G illumination is shown in Figure S7 . The corresponding Faradaic efficiency and quantity of evolved H2 gas (as measured by gas chromatography) are given in Figure 4C . The amount of charge that passed through the tandem device is presented in Figure S8 . Initially, the current density matched closely with the anticipated value (~1.75 mA/cm 2 ), indicating that electrons derived from the perovskite solar cell can indeed induce proton reduction at the Pt surface. Following the initial response, photocurrent output declined and eventually stabilized after approximately ten minutes of H2 production. Upon investigation of this instability, we found that neither the perovskite solar cell nor the BiVO4 photoanode exhibited significant signs of degradation. Instead, the decrease in performance manifested from deleterious reactions between the Pt electrode and products of sacrificial reagent oxidation. A thorough explanation of this conclusion is provided in the Supporting Information and in Figures S9-S13 . Despite instabilities at the Pt electrode, we observed significant H2 evolution from the tandem configuration (movie S1). This encouraging result confirms the hybrid perovskite PV is capable of driving hydrogen generation in this tandem architecture.
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Page 11 of 20 Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 BiVO4. CoPi is a widely used earth-abundant oxygen evolution catalyst (OEC), 47 preserving the low-cost, solution-processed nature of the BiVO4 and CH3NH3PbI3 components in the tandem device. The photocurrent measured upon illumination of BiVO4 (biased at 0.3 V vs Ag/AgCl) in a solution of 0.05 mM Co 2+ and 0.1 M phosphate is shown in Figure S14 . The anodic response reflects oxidation of solution-based Co 2+ to solid Co 3+ on the electrode surface. 48 A representative scanning electron micrograph of the CoPi/BiVO4 surface in Figure S15 reveals the thin layer of photodeposited catalyst.
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The three electrode J-V characteristics of CoPi/BiVO4 in Figure S16 demonstrate the excellent activity of the catalyst towards water oxidation. The photoanode employing CoPi shows nearly a fourfold enhancement in current density compared to bare BiVO4 at 1 V vs RHE. A peak EQE of ~55% at 450 nm further corroborates the high turnover frequency afforded by the CoPi catalyst ( Figure S17 ). The degree of visible light absorption by CoPi OEC had to be carefully controlled considering the photoanode is subjected to front side illumination in the tandem water splitting architecture (the light passes first through BiVO4 before reaching the optically transparent electrode). The high EQE confirms that the CoPi layer employed here provides adequate surface coverage without significantly hindering light absorption by the underlying BiVO4.
Current density-voltage characteristics of CoPi/BiVO4 shown in Figure 5A were measured in a neutral pH three electrode configuration. We expect similar photoanode output in the tandem device as evidenced by the identical performance of CoPi/BiVO4 in H2-saturated two electrode and N2-saturated three electrode measurements ( Figure S18 ). With the high photocurrent densities achieved in the tandem system, Nernstian shifts due to changes in dissolved H2 concentration near the Pt electrode are negligible. 10 Figure 5A shows 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   100  23 .
Here, PEC J is the measured photocurrent density in mA/cm 2 and IN P is the power density of the incident photon flux (100 mW/cm 2 at standard AM 1.5G conditions). The photocurrent generated under AM 1.5G illumination corresponds to a STH efficiency of 2.5% for the CoPi/BiVO4-CH3NH3PbI3 tandem device ( Figure 5B ). We posit that the initial photocurrent transient upon illumination stems from excess charges in the perovskite solar cell that must equilibrate with the current generated in the BiVO4 photoanode. The slight decline in photocurrent over the course of the water splitting reaction is attributed to partial dissolution of the CoPi catalyst. 21 Other earthabundant OECs (e.g., FeOOH and NiOOH) have been shown to exhibit improved stability at neutral pH, enabling constant photolytic water oxidation over 45 hours of continuous operation. 19 Utilization of such materials in the OEC/BiVO4-CH3NH3PbI3 water splitting system could potentially mitigate these issues. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Concluding Remarks
Though substantial optimization remains, the CoPi/BiVO4-CH3NH3PbI3 water splitting capabilities are among the highest for solution-processed tandem architectures reported to date, 9 and are comparable to efficiencies obtained using wireless triple-junction a-Si electrolyzers. 6 Dramatically reduced device complexity afforded by the single-junction CH3NH3PbI3 PV provides a competitive alternative to more expensive technologies in BiVO4 tandem water splitting applications. The all solution-processed device exhibits relatively small discrepancy in performance compared to the most efficient BiVO4-single-junction PV systems that employ complex gradient-doped photoanodes and a-Si components. 10, 20 It should be noted that while the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the perovskite PV. 22 Replacing CH3NH3 + cations with larger formamidinium ions (HC(NH2)2 + ) opens possibilities for lowering the band gap, bathochromically shifting the absorption onset and enhancing lead halide perovskite functionality as an underlying layer in tandem light harvesting assemblies. 50,51
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This material is available free of charge via the Internet at http://pubs.acs.org. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 17 of 20
ACS Paragon Plus Environment
Journal of the American Chemical Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 18 of 20
Journal of the American Chemical Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
